We have evaluated the influence of the secretory phenotype of presynaptic boutons on the accumulation of postsynaptic glycine receptors (GlyRs), type A GABA receptors (GABA A Rs), and gephyrin clusters. The cellular distribution of these components was analyzed on motoneurons cultured either alone or with glycinergic and/or GABAergic neurons. In motoneurons cultured alone, we observed gephyrin clusters at nonsynaptic sites and in front of cholinergic boutons, whereas glycine and GABA A receptors formed nonsynaptic clusters. These receptors are functionally and pharmacologically similar to those found in cultures of all spinal neurons. Motoneurons receiving GABAergic innervation from dorsal root ganglia neurons displayed postsynaptic clusters of gephyrin and GABA A R␤ but not of GlyR␣/␤ subunits. In motoneurons receiving glycinergic and GABAergic innervation from spinal interneurons, gephyrin, GlyR␣/␤, and GABA A R␤ formed mosaics at synaptic loci. These results indicate that (1) the transmitter phenotype of the presynaptic element determines the postsynaptic accumulation of specific receptors but not of gephyrin and (2) the postsynaptic accumulation of gephyrin alone cannot account for the formation of GlyR-rich microdomains.
In the nervous system, certain ionotropic receptors accumulate at postsynaptic membrane-facing terminals enriched in the corresponding neurotransmitter. Such is the case for GlyR (Triller et al., 1985 (Triller et al., , 1987 Van den Pol and Gorcs, 1988) , GABA A R ␣6 and GABA A R ␤3 subunits (Baude et al., 1992; Todd et al., 1996) , and ionotropic glutamate receptors (Petralia and Wenthold, 1992; Craig et al., 1993; Aoki et al., 1994; Petralia et al., 1994) . Other GABA A and glutamate receptor subtypes are also present at nonsynaptic sites (Baude et al., 1992 (Baude et al., , 1994 (Baude et al., , 1995 Sur et al., 1995a) . On the cytoplasmic side, peripheral membrane proteins bind and contribute to the clustering of various types of receptors. These include gephyrin for GlyR and some GABA A R subtypes [see references in Vannier and Triller (1997) and Essrich et al. (1998) ] and PDZ domain (initially identifed in PSD95, Disc Large, and Z onula Occludens 1 proteins) molecules for ionotropic and metabotropic glutamate receptors [see references in Sheng and Wyszynski (1997) ]. These molecules are f unctionally homologous to rapsyn, which stabilizes the muscular nicotinic acetylcholine receptor (nAChR) [see references in Sanes (1997) ]. Peripheral proteins anchor receptors by direct or indirect attachment to perisynaptic or subsynaptic cytoskeletal elements. An unresolved question is that of the involvement of presynaptic innervation in postsynaptic accumulation of transmitter receptors and associated proteins. We have examined this question for the postsynaptic accumulation of GlyR, GABA A R, and gephyrin in spinal motoneurons.
Glycine and GABA are involved in postsynaptic inhibition through the activation of the chloride (Cl Ϫ ) channels associated with GlyR and GABA A R. Both receptors belong to the nAChR superfamily (Betz, 1990) . GlyR is a pentamer composed of ␣ and ␤ subunits (␣3␤2) [see references in Vannier and Triller (1997) ]. Gephyrin links GlyR through its ␤ subunit to the subsynaptic cytoskeleton (Kirsch and Betz, 1995; Meyer et al., 1995) . GABA A Rs are also pentamers. The ␣2, ␣3, ␣5, ␤3, and ␥2 subunit mRNAs are detected in motoneurons (Persohn et al., 1991; Wisden et al., 1991) . A recent study has shown that gephyrin is involved in the stabilization of GABA A R in the postsynaptic membrane (Essrich et al., 1998) .
We have analyzed the distribution of gephyrin, GlyR␣/␤, and GABA A R␤2/3 subunits on cultured motoneurons: (1) alone, establishing connections among themselves and therefore receiving cholinergic inputs; (2) with dorsal root ganglia (DRG) neurons to supply a GABAergic innervation, taking advantage of the fact that a subclass of DRG neurons expresses a GABAergic phenotype (Roy et al., 1991; Chauvet et al., 1995) ; or (3) with spinal interneurons to provide glycinergic and GABAergic innervations. We show that in the absence of inhibitory presynaptic innervation, motoneurons express GlyR and GABA A R that are functional and form nonsynaptic clusters. In the presence of presynaptic innervation, these receptors accumulate specifically under boutons containing the corresponding neurotransmitter. In contrast, gephyrin accumulates under all synaptic terminals whether they contain acetylcholine (ACh), GABA, or glycine. Our results demonstrate that gephyrin alone is not able to sort GlyR and g /ml) (Todd et al., 1996) ; (5) rabbit anti-glutamate receptor 1 (GluR1, 10 g /ml; Chemicon) ; and (6) goat anti-choline acetyltransferase (ChAT, 1:500; Chemicon). The rabbit pAbs were recognized by a fluorescein (FI TC)-conjugated affinity-purified goat antirabbit IgG (HϩL) (1:200; Jackson Immunoresearch Laboratories). For double-staining of gephyrin and ChAT, mAb7a was recognized by an FI TC -conjugated affinity-purified horse anti-mouse IgG (HϩL) (1:200; Vector Laboratories, Burlingame, CA), and the goat pAb anti-ChAT was recognized by a C Y3-conjugated affinity-purified donkey anti-sheep IgG (HϩL) (1:200; Jackson Immunoresearch Laboratories).
Immunoc ytochemistr y. For all immunodetections except that of mAb4a, cells were fixed with 4% (w/ v) paraformaldehyde for 15 min. C ells were washed in PBS and permeabilized with 0.12% Triton X-100 in PBS with 0.12% (w/ v) gelatin for 5 min. The permeabilized cells were incubated with primary antibodies overnight at 4°C. The next day, cells were washed in PBS and incubated with secondary fluorescent antibodies for 45 min at room temperature. For mAb4a immunocytochemistry, a methanol /acetic acid (95:5) mixture was used as fixative (10 min at Ϫ20°C). C ells were rinsed in PBS and incubated successively in primary and secondary antibodies as described above. For multiple-labeling experiments, antibodies were incubated simultaneously. For immunoperoxidase reactions, cells were incubated successively with the Islet1 mAb and the secondary biotinylated affinity-purified horse anti-mouse IgG (HϩL) (1:200; Vector Laboratories) for 1 hr, rinsed in PBS, and then incubated with the ABC complex (1:200; Vector Laboratories) for 30 min. Peroxidase staining was obtained by incubating cells in a DAB -H 2 O 2 reactant (Sigma). Peroxidase reactions were monitored under the microscope and stopped by washing with PBS.
For sequential mAb7a and mAb4a immunodetections, cells were fixed in a methanol /acetic acid (95:5) solution (10 min at Ϫ20°C), rinsed, and incubated with mAb4a (1:100, 1 hr). After washes, cells were treated with lissamine rhodamine-conjugated affinipure Fab fragment goat antimouse IgG (HϩL) (1:50, 45 min; Jackson Immunoresearch Laboratories). They were then rinsed and incubated with unconjugated Fab fragment goat anti-mouse IgG (HϩL) (1:50, 45 min; Jackson Immunoresearch Laboratories) to saturate still unbound mAb4a. Then they were incubated with mAb7a (1:200, 1 hr), which was f urther recognized by an FI TC -conjugated affinity-purified horse anti-mouse IgG (HϩL) (1:200, 45 min; Vector Laboratories). All incubations were performed at room temperature. Control cells were exposed to the same treatment except that they were incubated with only one of the primary antibodies.
In all experiments, the specificity of immunolabeling and the absence of antibody cross-reaction in double-staining experiments were controlled by omission of the primary antibodies. Cultures were observed with a standard or a confocal (Molecular Dynamics, Sunny vale, CA) epifluorescence microscope. Fluorescent images were acquired on a Hamamatsu CCD camera (C5985) mounted on a Leica DMR / HC S microscope (objective 40 or 63ϫ), and dual color images were obtained using Imagespace software (Molecular Dynamics). Images were prepared for printing using Adobe Photoshop software.
Quantitative anal ysis. Motoneuron purity was estimated by counting under phase contrast (objective 40ϫ) the number of cells with nuclear peroxidase staining of Islet1. The proportions of cells displaying gephyrin-, GlyR␣/␤-, and GABA A R␤3-immunoreactivity (IR) were determined by visual inspection using a standard fluorescence microscope (objective 63ϫ). For each experiment, 36 Ϯ 3 fields were analyzed. For these quantifications, data are expressed as means Ϯ SEM of three independent experiments. Colocalization of gephyrin, GlyR␣/␤, or GABA A R␤2/3 with synapsin was determined from double-staining experiments of synapsin and mAb7a, mAb4a, or mAbbd17. The quantifications were performed on images acquired with a Hamamatsu CCD camera and specific filters for FI TC and C Y3 fluorescences (Leica). This procedure was chosen because it allows a minimal bleed-through between FI TC and C Y3 channels, which was always found to be lower than 0.3%. Confocal microscopy was used to measure the surface area of gephyrin, GlyR␣/␤, and GABA A R␤3 clusters. To improve accuracy, the quantification was performed by means of simple staining experiments. Immunopositive cells were displayed in the center of the digitized field, and all neurites within the field were computed. E xcitation was obtained with an argon ion laser set at 514 nm for C Y3 excitation, and the emitted light was filtered with a long-pass filter (530 nm). Pixel size and focus steps were 0.21 and 0.3 m, respectively (objective 63ϫ, numerical aperture 1.4), with images of 512 ϫ 512 pixels. Digitized series of optical sections at different planes of focus were collected using a host computer (Indy, Silicon Graphics). The background noise was reduced, and the contrast was enhanced by applying a median (3 ϫ 3 ϫ 3) Gaussian filter. Maximum intensity projections were derived from these sections using Imagespace (Molecular Dynamics) software. The surface area of clusters was determined with N IH 1.52 software. The threshold intensity fluorescence was set manually for each cell to insure efficient detection and to avoid coalescence of clusters. An image-object was computed if it comprised at least three pixels. This analysis was performed on motoneurons cultured alone or in the presence of spinal interneurons, as well as on interneurons. Statistical analysis was performed using StatView F.4.11 software.
Electrophysiolog y. The experiments were performed at room temperature (20 -23°C) between 6 and 8 DIV in the whole-cell configuration of the patch-clamp technique. Before recording, the culture medium was replaced by the external solution to be used during the experiment, which contained (in mM): 150 NaC l, 2.5 KC l, 1.8 C aC l 2 , 1 MgC l 2 , 20 glucose, and 10 H EPES-NaOH, pH 7.4. The internal solutions used to fill the recording electrode contained (in mM): either 145 C sC l, 1 MgC l 2 , 10 EGTA, 1 C aC l 2 , 3 ATP-Mg, 0.3 GTP-Na, and 10 H EPES-C sOH, pH 7.2, for internal solution A or 145 C s methanesulfonate, 15 C sC l, 1 MgC l 2 , 0.1 EGTA, 3 ATP-Mg, 0.3 GTP-Na, and 10 H EPES-C sOH, pH 7.2, for internal solution B. The culture dish was continuously perf used with the external solution. In addition, a fast perf usion system was used for rapid applications of glycine and modulators onto the recorded cell. All solutions applied via this system contained 0.2 M tetrodotoxin. This system was made of glass syringes, Teflon taps, and Teflon tubing connected to two parallel glass barrels (one of them only containing glycine); lateral movements of this system were controlled by a computerdriven motor to apply the solution of the desired barrel to the cell [continuously perf used with one of the solutions of this system; for more details, see Chesnoy-Marchais (1996) ]. For concentrations of glycine below 40 M, successive responses recorded under identical conditions were quite stable when tested every 40 sec. For higher concentrations (80 -160 M), the interval between successive tests was longer (100 sec) to allow for recovery from desensitization. Stock solutions of strychnine (hemisulfate, Sigma) and picrotoxinin (Sigma) were prepared at 1 mM in water and at 100 mM in ethanol, respectively. In the experiments using picrotoxinin, the solutions applied by fast perf usion contained 1:1000 ethanol. When a modulator was applied "with preincubation," it was applied continuously between and during the successive glycine applications, that is, in both barrels of the fast perf usion. When applied "without preincubation," it was present only in the glycine-containing barrel.
Patch-clamp micropipettes were made from hard glass (K imax 51); the shank of each pipette was covered with Sylgard, and the tip was firepolished. Their resistance was close to 5 M⍀. The cells were voltageclamped by an EPC7 List amplifier, which was controlled by a TAN DON 38620 computer, via a C ambridge Electronic Design (CED) 1401 interface, using CED patch-and voltage-clamp software. The current monitor output of the amplifier was filtered at 0.3 kHz before being sampled on-line at 0.6 kHz. The bath was connected to the ground via an agar bridge. Membrane potentials were corrected for junction potentials. The series resistance was routinely measured and compensated. The zero indicated on the current traces is the absolute zero current level.
RESULTS

Gephyrin, GlyR, and GABA A R cellular distribution in motoneurons cultured alone
Motoneurons were purified by a combination of metrizamide density-gradient and immunopanning techniques (Henderson et al., 1995) . As estimated by immunoperoxidase staining of the motoneuronal embryonic marker Islet1 (Ericson et al., 1992) , 89.2 Ϯ 1.3% of the cells had a motoneuronal phenotype (Fig.  1 A) . The remaining cells corresponded to Islet1-negative but p75 low-affinity neurotrophin receptor-and L14 lectin-positive motoneurons (Henderson et al., 1993) . Double-immunofluorescence experiments with antibodies against M AP2 and 155 kDa neurofilament protein were performed to label dendrites and axons, respectively. These experiments showed that at 7 DIV, motoneurons are polarized with somato-dendritic and axonal compartments (Fig. 1 B) . We used the mAb7a and mAb4a antibodies to stain gephyrin and GlyR␣/␤ subunits, respectively (Pfeiffer et al., 1984) , whereas GABA A R␤3 subunit was recognized by a previously characterized pAb (Todd et al., 1996) . The gephyrin, GlyR␣/␤, and GABA A R␤3 formed puncta on somata and dendrites as shown in double-labeling experiments with anti-MAP2 antibodies ( Fig. 1C-E) . A few scattered spots of gephyrin were also detected along the length of some axons (data not shown). Clusters of GlyR␣/␤ and GABA A R␤3 were not detected in axons. However, in some neurons, clusters of GlyR␣/␤ (Fig. 1 D) or GABA A R␤3 (Fig. 1 E) were detected at the level of the axon-hillock. Confocal optical sections revealed small, round or ellipsoidal clusters of gephyrin at membrane areas in contact with the coverslip (Fig. 1 F1 exemplifies a neuron with a large number of clusters) as well as at distance from it ( Fig. 1 F2) . Numerous bright spots of GlyR␣/␤ (Fig. 1G1 ) and GABA A R␤3 (data not shown) were also detected at the substrate-neuron interface as well as at a distance from it. On some cells, GlyR␣/␤-IR ( Fig.  1G2 ) and GABA A R␤3-IR ( Fig. 1 K1, arrow) formed large patches at the neuronal surface.
The relationships of these receptor components to presynaptic endings were analyzed in double-staining experiments in which the synaptic boutons were identified with a pAb against synapsin. For these experiments, we used the mAb bd17 directed against GABA A R␤2/3 subunits (Richards et al., 1987) because the antisynapsin Ab is a pAb. Synapsin-positive endings were detected over somata and/or dendrites of many motoneurons and could correspond to autapses or may originate from other motoneurons. On these cells, gephyrin-IR clusters were found on the soma and neurites at synaptic and nonsynaptic loci ( Fig. 1 H1-H2 ). Almost all presynaptic specializations were facing gephyrin-IR clusters. These postsynaptic gephyrin-IR clusters were larger than those observed at nonsynaptic loci and extend all along the synaptic contact ( Fig. 1 H1) . To verify that presynaptic boutons in these pure cultures of motoneurons were cholinergic, we immunostained for ChAT ( Fig. 1 I1-2) . We found that after 11 DIV, almost all boutons were ChAT-positive and that 90.2 Ϯ 3.8% (10 cells encompassing 199 boutons) of these boutons were apposed to gephyrin-IR clusters ( Fig. 1 I1-2 ). In contrast, most GlyR␣/␤ ( Fig. 1 J1-2 ) and GABA A R␤2/3 ( Fig. 1 K1-- 2) clusters were detected at the cell surface at sites that were not facing presynaptic boutons. Because glycine was present at high concentration (400 M) in the culture medium, it may be involved in the clustering of gephyrin. To examine this issue, motoneurons were cultured in glycine-depleted medium. This medium was not completely glycine free because the added serum contributed to a final concentration of 4.6 M (see Materials and Methods). However, this low concentration is shown to activate Ͻ2% of the GlyR channels (see Fig. 3 ). With this low amount of glycine, we found that motoneurons had postsynaptic and nonsynaptic clusters of gephyrin (data not shown), similar to motoneurons cultured in a glycine-rich medium.
The question remains of the association of large gephyrin clusters postsynaptic to cholinergic synapses with GlyR␣/␤-IR. This was approached by sequential detection of gephyrin ( Fig.  2 A1 ) and GlyR␣/␤ (Fig. 2 A2) on motoneurons cultured alone for 7 DIV. We found that large gephyrin-IR clusters were not associated with GlyR␣/␤-IR, suggesting that gephyrin microdomains postsynaptic to cholinergic afferences do not recruit GlyR␣/␤ at this site. In contrast, many small, round-shaped clusters of gephyrin found at nonsynaptic loci colocalized with GlyR␣/␤-IR clusters of comparable size and shape.
Our data indicate that in cultured motoneurons that do not receive glycinergic and GABAergic functional innervation, one can observe clusters of gephyrin, GlyR␣/␤, and GABA A R␤2/3. Gephyrin accumulates in front of synaptic cholinergic boutons, and these postsynaptic gephyrin clusters hardly recruit GlyR␣/␤ and GABA A R␤2/3 (for quantification, see Fig. 8 ).
Functional and pharmacological properties of GlyR and GABA A R in motoneurons cultured alone
In an attempt to understand the different localizations of GlyRs and gephyrin in motoneurons cultured alone (in particular the absence of GlyRs at gephyrin-rich synaptic loci), we investigated the functional and pharmacological properties of the receptors of these cells. Glycine (applied at 10 -320 M by a fast perfusion system) evoked responses in all the motoneurons recorded in the whole-cell configuration of the patch-clamp technique (n Ͼ 50). A concentration -response curve obtained from a single motoneuron is illustrated in Figure 3A . The response (recorded here for an inward driving force of 20 mV only) was already detectable at 10 M glycine. Raising the concentration increased the peak response and revealed some desensitization. For each cell in which a complete curve was obtained, the concentration dependence of the peak response was fitted by a Hill equation (Fig. 3A , right graph and legend). The EC 50 , Hill coefficient (n H ), and maximum response (I max ) values thus derived were then averaged for two series of motoneurons (Fig. 3C , bars labeled MN1 and MN2; see legend); EC 50 and n H were always close to 40 M and 2, respectively. For comparison, identical experiments (Fig. 3B) were performed on cultured neurons from the whole spinal cord (spinal neuron). The physiological properties of neurons in both types of cultures were almost identical (Fig. 3C ). For example, the mean EC 50 and n H values found using internal solution A were 37.1 Ϯ 7.4 M (4) and 1.92 Ϯ 0.19 (4) for purified motoneurons (MN2), and 38.3 Ϯ 8.5 M (6) and 2.25 Ϯ 0.20 (6) for cultures of all spinal neurons (SN), respectively. The I max values were more variable and usually slightly larger for purified motoneurons, which can be explained by their greater surface area.
The voltage-sensitivity of glycine responses of motoneurons cultured alone was investigated. The I-V curves of the responses to 10 M glycine obtained from three motoneurons with symmetrical chloride concentrations are illustrated in Figure 3D . As shown by the plot of the normalized responses of these cells and by the records obtained in one of them for two symmetrical driving forces, the voltage dependence was clearly nonlinear, favoring outward responses. The reversal potential was close to E C l (here 0 mV); this was confirmed in an experiment using asymmetrical chloride concentrations (internal solution B), bringing the reversal potential to Ϫ50 mV (data not shown).
The blocking effect of the classical GlyR antagonist strychnine was investigated in the two types of cultures. In motoneurons cultured alone, when strychnine was applied with preincubation (both between and during glycine applications) at either 50 or 500 nM, the peak responses to 40 M glycine were reduced by 52.8 Ϯ 5.3% (5) or 96.2 Ϯ 1.1% (5), respectively (Fig. 3E , white bars and records labeled MN ). The responses recorded in cultures of all spinal neurons showed a similar strong sensitivity to strychnine (Fig. 3E, hatched bars) . For all neurons studied, when strychnine was applied without preincubation (i.e., only with glycine), its blocking effect was apparently much lower. This is illustrated for the effect of 500 nM strychnine on the response to 100 M glycine in a culture of all spinal neurons (Fig. 3E, traces labeled SN ) , and the results were confirmed in four similar experiments (relatively small blockade between 21 and 44%). The requirement for preincubation with strychnine was confirmed in motoneurons cultured alone (the peak response to 40 M glycine, which could be completely blocked by 500 nM strychnine with preincubation, was only reduced by 60 Ϯ 11% (3) without preincubation).
Low sensitivity of glycine responses to picrotoxinin (PTX) is usually considered to be indicative of the presence of ␤ subunits in functional heteromeric receptors Pistis et al., 1997) . Therefore, the blocking effect of a high concentration of PTX (100 M, applied with preincubation) on the responses to glycine of motoneurons cultured alone was investigated. The responses to 40 M glycine, recorded at Ϫ20 mV in four experiments with internal solution A, were reduced by only 44 Ϯ 10%. In addition, the responses to 100 M glycine, recorded between 4 a distance from the coverslip (F2). GlyR␣/␤ forms clusters at the cell-to-substrate contact (arrows in G1) and occasionally displays a continuous labeling (arrows in G2) on sections passing through the nucleus. H, I, Double-immunofluorescence showing that Geph-IR clusters (H1, I1) accumulate in front of synapsin-IR boutons (arrowheads in H2) displaying ChAT-IR (arrowheads in I2). Geph-IR clusters (H1, I1) are also detected at nonsynaptic sites (arrows). In contrast, GlyR␣/␤ (J1) and GABA A R␤2/3 (K1) do not concentrate at synaptic sites (arrowheads in J1-2 and K1-2, respectively). Ϫ30 and Ϫ90 mV in three other experiments with internal solution B, were reduced by only 26 -28%, confirming the low sensitivity to P TX of GlyR in motoneurons.
In conclusion, the nonsynaptic GlyRs of motoneurons cultured alone retain the main pharmacological properties of the receptors found in cultures of all spinal neurons.
Cultured neurons from embryonic spinal cord (Ransom et al., 1977) , as well as motoneurons from slices of embryonic or neonatal rat spinal cord (Gao and Z iskind-Conhaim, 1995), display chloride responses not only to glycine but also to GABA. The responses to 5 or 10 M GABA were tested in motoneurons cultured alone (data not shown). Large responses of at least 0.8 nA were recorded for a driving force of only 20 mV (four cells). These responses were little affected (reduced by only 9.5 Ϯ 7.6% in three experiments using 5 M GABA) by a concentration of strychnine (500 nM applied with preincubation) that almost completely blocked glycine responses. In contrast, these GABA responses were almost completely blocked (result qualitatively con- firmed in three cells) by a low concentration of bicuculline (10 M) known to be ineffective on glycine responses (Lewis and Faber, 1993) . Thus motoneurons cultured alone also display functional GABA A receptors.
Cellular distribution of gephyrin, GlyR, and GABA A R in motoneurons cocultured with dorsal root ganglia
Initially, embryonic DRG explants were added to purified motoneurons to provide a glutamatergic presynaptic innervation to motoneurons. To our surprise, we found that a large proportion of DRG neurons were GAD67-positive, indicating the presence of GABAergic neurons in the culture. These results were consistent with previous reports showing that embryonic (Roy et al., 1991; Chauvet et al., 1995) and adult (Schoenen et al., 1989; Roy et al., 1991; Chauvet et al., 1995) DRG neurons express a GABAergic phenotype. In our cultures, the colocalization of GAD67-IR puncta with synaptophysin-IR over Islet1-positive neurons indicate that DRG differentiate GABAergic synapses impinging on motoneurons. Gephyrin formed clusters on somata and neurites of motoneurons that accumulated in front of synapsin-IR profiles (Fig. 4 A1-2 ). Most clusters of gephyrin were adjacent to GAD-positive boutons (Fig. 4 B1-2 ), which were also synaptophysin positive (data not shown). Occasionally, gephyrin-IR clusters were detected in front of synaptophysinpositive but GAD-negative terminals (data not shown). On Islet1-positive motoneurons, GABA A R␤2/3 were present in front of synapsin-positive boutons ( Fig. 4C1-2) ; some clusters were also detected at nonsynaptic loci as described in vivo (Todd et al., 1996) . Gephyrin was also detected at the level of GABA A R␤3 clusters (Fig. 4 D1-2) . The GlyR␣/␤ staining pattern was identical to that observed on motoneurons cultured alone. GlyR␣/␤-IR clusters were present on the soma and along the length of the dendrites of motoneurons (Fig. 4 E1) . These GlyR␣/␤ clusters did not form under synapsin-positive varicosities (Fig. 4 E1-2) or under GAD-IR blobs (Fig. 4 F1-2) . In some instances, a diffuse GlyR␣/␤-IR was observed over the soma and dendrites (Fig.  4 F1) .
These results again indicate that gephyrin accumulates under synaptic boutons, but when these boutons are GABAergic there is also a postsynaptic accumulation of GABA A R␤2/3 but not of GlyR␣/␤.
Cellular distribution of gephyrin, GlyR, and GABA A R in motoneurons cocultured with spinal interneurons
Dissociated spinal interneurons were cocultured with motoneurons to supply glycinergic and GABAergic innervation to motoneurons. In these cultures, motoneurons were identified by the Islet1 nuclear staining. At the somatic and dendritic surface, gephyrin, GlyR␣/␤, and GABA A R␤2/3 formed numerous patches in front of synapsin-IR boutons ( Fig. 5A1-2, B1-2, C1-2) . A few synapsin-stained endings ( Fig. 5A1-2 , B1-2, C1-2, crossed arrows) did not colocalize with these receptor components; they may correspond to excitatory synapses (O'Brien et al., 1997) . These data indicate that gephyrin, GlyR␣/␤, and GABA A R␤2/3 clusters present at the periphery of motoneurons innervated by spinal interneurons face synaptic boutons.
Previous reports have shown that in the ventral horn of the spinal cord in vivo, boutons containing both glycine and GABA are presynaptic to gephyrin-IR synapses (Triller et al., 1987; Todd et al., 1996; Colin et al., 1998) and that corelease of these two neurotransmitters occurs (Jonas et al., 1998) . Furthermore, some GABA A R and GlyR clusters are colocalized in front of GABAergic terminals (Bohlhalter et al., 1994; Todd et al., 1996) . The relationship of gephyrin, GlyR␣/␤, and GABA A R␤2/3 to GABAergic axons was therefore analyzed. Gephyrin (Fig. 5D2) and GlyR␣/␤ (Fig. 5E2) clusters were often apposed to GADpositive terminals (Fig. 5D1, E1) . However, gephyrin and GlyR␣/␤ clusters were not always adjacent to GAD-IR profiles, suggesting that some of them are apposed to boutons enriched in glycine only. In contrast, all somato-dendritic GABA A R␤2/3-IR clusters detected on motoneurons were apposed to GAD-IR boutons ( Fig. 5F1-2) . Simultaneous experiments in which GABA A R␤3 was detected with gephyrin or with GlyR␣/␤ indicated that most but not all GABA A R␤3-IR clusters were also immunoreactive for gephyrin ( Fig. 5G1-2) or GlyR␣/␤ (Fig.  5H1-2) . This raised the question regarding whether gephyrin is able to accumulate receptors other than GlyR and GABA A R. This was determined by examining the cellular distribution of the GluR1 subunit of AMPA receptors on neurons cultured for 11 DIV (Fig. 6) . The large majority of gephyrin clusters did not colocalize with GluR1 clusters (Fig. 6 A1-2) . However, we found that 9.8 Ϯ 2.2% (10 cells for a total of 422 gephyrin clusters) of gephyrin clusters were associated with GluR1-IR. Similarly, most GlyR␣/␤ clusters were not stained for GluR1 clusters (Fig. 6 B1-2) . However, 8.0 Ϯ 1.5% (10 cells for a total of 713 GlyR␣/␤ clusters) of GlyR␣/␤ clusters colocalized with GluR1-IR. For this quantification, we selected neurons with large numbers of GluR1 clusters. Interestingly, these neurons had a lower count of gephyrin and GlyR clusters.
These data indicate that gephyrin, GABA A R␤2/3, and GlyR␣/␤ can be detected at the same synapse on motoneurons apposed to GABAergic terminals. Some synapses had only one of these two receptors. Few gephyrin-IR synapses were associated with a noninhibitory receptor subunit, i.e., GluR1.
Quantification of gephyrin, GlyR, and GABA A R-IR
The proportion of cells displaying immunoreactivity for gephyrin, GlyR␣/␤, and GABA A R␤3 was determined at 7 DIV on motoneurons cultured alone or with spinal interneurons (Table  1) . The immunoreactivity corresponding to GlyR␣/␤ and GABA A R␤3 was present at the neuronal surface and had a clustered or diffuse distribution. The latter could only be observed when motoneurons were cultured alone. Diffuse staining of gephyrin was never observed on motoneurons cultured alone, therefore indicating that diffuse GlyR␣/␤ and GABA A R␤3 are not associated with gephyrin. We found that the percentage of motoneurons displaying immunoreactivity for either gephyrin or GABA A R␤3 increased when interneurons were added to the culture. In contrast, the presence of interneurons in the culture decreased the number of motoneurons with GlyR␣/␤-IR.
The mean surface areas of gephyrin, GlyR␣/␤, and GABA A R␤3 clusters were determined at 7 DIV on maximum intensity projections of a series of confocal sections spanning the whole thickness of the neuronal somata. The quantifications were performed on motoneurons cultured alone or with interneurons and on interneurons of the latter coculture (Table 2) . We found that the presence of interneurons increased significantly the surface area of GlyR␣/␤, GABA A R␤3, and gephyrin clusters on motoneurons. On motoneurons cultured alone for 7 DIV, most GlyR␣/␤ and GABA A R␤2/3 clusters were nonsynaptic, but when cultured with interneurons they were detected in front of synaptic contacts (see Fig. 8 ). The GlyR␣/␤, GABA A R␤3, and gephyrin clusters were slightly but significantly smaller on motoneurons cultured with interneurons than on interneurons themselves.
The proportion of synapses apposed to gephyrin, GlyR␣/␤, or GABA A R␤2/3 clusters and the proportion of nonsynaptic clusters were quantified on images collected with a CCD camera and are shown for motoneurons cultured alone for 3, 7, and 11 DIV (Fig.  7) . Whether or not the gephyrin-, GlyR␣/␤-, and GABA A R␤2/ 3-IR were adjacent to synapsin-IR, the proportion of apposition varied depending on the nature of the postsynaptic marker and stage of maturation (Fig. 8) . The same analysis was performed on motoneurons cultured with interneurons (data not shown). The mean number of synaptic boutons increased significantly at the surface of motoneurons cultured with or without interneurons during maturation, indicating a progressive establishment of synaptic connections (Table 3 ). The mean numbers of gephyrin, GlyR␣/␤, or GABA A R␤2/3 clusters per cell were not significantly different on motoneurons cultured alone, regardless of the stage in culture. In contrast, when motoneurons were cocultured with interneurons, the mean numbers of gephyrin, GlyR␣/␤, or GABA A R␤2/3 clusters per cell increased significantly during the (A1, B1, C1) . D-F, Double-staining of GAD (D1, E1, F1) and Geph (D2); (Figure legend continues) formation of synaptic contacts (between 3 and 7 DIV). On motoneurons cultured with interneurons, the number of gephyrin clusters was much smaller than the sum of GlyR␣/␤ and GABA A R␤2/3 clusters. This indicates that a large proportion of postsynaptic aggregates were composed of mosaics of receptors, as already seen by double-labeling experiments (Fig. 5G1-2,  H1-2) . The level of synaptic localization of the postsynaptic markers was f urther quantified on motoneurons cultured alone (Fig. 8 A1-3 ) or in the presence of interneurons (Fig. 8 B1-3) .
When motoneurons were cultured alone, the proportion of synapses showing gephyrin clusters was already high (77.7 Ϯ 6.5%) at 3 DIV and varied little until 11 DIV (90.1 Ϯ 3.1%), whereas the proportion of nonsynaptic gephyrin clusters per cell decreased progressively during maturation (Fig. 8 A1) . In contrast, only 9 -14% of synapses formed between motoneurons were apposed to GlyR␣/␤ clusters at any of the stages analyzed, and the proportion of nonsynaptic clusters decreased slightly between 7 and 11 DIV (Fig. 8 A2) . The percentage of synapses with GABA A R␤2/3 clusters increased slightly during maturation to 36.1 Ϯ 3.9% at 11 DIV, whereas that of nonsynaptic GABA A R␤2/3 clusters decreased in parallel (Fig. 8 A3) . The scheme was different when motoneurons were cocultured with interneurons. The proportion of synapses showing gephyrin clusters increased significantly between 3 and 7 DIV and then remained stable until the end of the experiment, whereas the proportion of nonsynaptic gephyrin clusters decreased dramatically between 3 and 7 DIV (Fig. 8 B1) . The evolution of the level of synaptically and nonsynaptically localized GlyR␣/␤ (Fig. 8 B2) and GABA A R␤2/3 (Fig. 8 B3) clusters was a mirror image of what was found on motoneurons cultured alone.
These data suggest that the presynaptic glycinergic and/or GABAergic innervation supplied by interneurons (1) increases the number, size, and synaptic localization of GlyR␣/␤, GABA A R␤2/3, and gephyrin clusters and (2) controls negatively the number of nonsynaptic clusters of receptors.
DISCUSSION
Role of presynaptic innervation in the formation of GlyR and GABA A R microdomains
The role of presynaptic innervation in the formation of postsynaptic clusters was investigated on motoneurons cultured alone, with DRG, or with spinal interneurons. On motoneurons cultured alone, GlyR␣/␤ and GABA A R␤2/3 formed nonsynaptic clusters. Therefore, clustering is independent of the corresponding presynaptic innervation, a situation comparable to that found in muscle (Kuromi and Kidokoro, 1984) . Some motoneurons also expressed large patches of diffuse GlyR␣/␤ and GABA A R␤3. GlyR and GABA A R-IR were present on the somato-dendritic compartment, suggesting that targeting of receptors does not depend on innervation.
When motoneurons were contacted by GABAergic boutons, GABA A R␤2/3 accumulated in front of these boutons, and the nonsynaptic GABA A R␤3 disappeared. Nonsynaptic GlyR␣/␤ could still be detected. In the presence of glycinergic and GABAergic innervations, both GlyR␣/␤ and GABA A R␤3 were detected in front of synaptic boutons where they could form mosaics, as in vivo at synapses containing (Triller et al., 1987; Todd et al., 1996; Colin et al., 1998) and releasing (Jonas et al., 1998) has been observed at the neuromuscular junction, where, after contact by the motor nerve, nAChR clusters become highly concentrated postsynaptically and disappear from nonsynaptic sites [see references in Hall and Sanes (1993) ]. The influence of the afferent innervation has been investigated previously for central synapses. In micro-island hippocampal cultures, isolated GABAergic neurons do not form AMPA-type glutamate receptor clusters (Rao et al., 1997) , and in isolated spinal cord neurons, the GluR1 subunit of AM PA receptors remains diff use unless the cells receive glutamatergic innervation (O'Brien et al., 1997) . Our data add further evidence indicating that presynaptic innervation is implicated in the diminution of nonsynaptic receptors.
In muscle, the size of nAChR clusters is regulated by the presynaptic nerve (Anderson and Cohen, 1977; Kuromi and Kidokoro, 1984) . We show that a similar regulation also occurs at central synapses because the presence of presynaptic innervation increases the size and number of gephyrin, GlyR␣/␤, and GABA A R␤3 clusters. This notion is also supported by a set of data obtained in vivo. The mean diameter and surface area of GlyR and gephyrin clusters increased along a somato-dendritic gradient on the goldfish Mauthner cell (Triller et al., 1990 ) and on cat spinal Ia interneurons and ␣-or ␥-motoneurons (Alvarez et al., 1997) . This was correlated with an increase in the size of the corresponding presynaptic releasing sites (Pierce and Mendell, 1993; Sur et al., 1995b) . These observations and our present data are in favor of control by presynaptic innervation of the shape of inhibitory amino acid receptor clusters. This control could involve interactions of the receptors with the cytoskeleton (Kirsch and Betz, 1995) .
Functional and pharmacological properties of the nonsynaptic GlyR of motoneurons cultured alone
We showed that the nonsynaptic GlyR of motoneurons cultured alone retain most f unctional and pharmacological properties of the postsynaptic receptors usually studied in cultures of all spinal neurons (Béchade et al., 1996) . Their I-V curves are nonlinear, as described previously for spinal neurons (Bormann et al., 1987) . Surprisingly, whereas nonlinearity has already been observed for various GlyR expressed in Xenopus oocytes (with asymmetrical Cl Ϫ concentrations) (Schmieden et al., 1989; Morales et al., 1994) , linear I-V curves have been reported in symmetrical Cl Ϫ in transfected mammalian cells (Sontheimer et al., 1989; Bormann et al., 1993; Rundström et al., 1994; Lynch et al., 1995) . The nonlinearity observed here in motoneurons favors inhibitory responses (Faber and Korn, 1987) . We found similar EC 50 for glycine (close to 40 M) in motoneurons cultured alone and in spinal neurons. This result does not support the notion that nonsynaptic and synaptic GlyRs have different affinities for glycine related to their respective gephyrin-regulated density (Kuhse et al., 1995) .
The strychnine sensitivity observed here both in motoneurons cultured alone and in spinal neurons (IC 50 close to 50 nM) was higher than expected from the sensitivity reported for embryonic GlyR␣2 coexpressed with gephyrin in human embryonic kidney 293 cells (IC 50 of 1800 nM) . This discrepancy could be explained by differences in experimental protocols, i.e., preincubation with strychnine (Boehm et al., 1997) and speed of the perfusion (slow applications of glycine leading to desensitization and underestimation of control responses). Embryonic spinal cord cultures were reported to express GlyR with low strychnine affinity (Becker et al., 1988; Hoch et al., 1989) , and the ␣2* receptors were proposed to account for these results (Kuhse et al., 1990 (Kuhse et al., , 1991 . Although ␣2* receptors might be present in our cultures, their low affinity for glycine (EC 50 12 mM) excludes their contribution to the responses recorded here. ␣2 and/or ␣1 subunits could account for our results because they display a high affinity for glycine (Rundström et al., 1994) and strychnine (Grenningloh et al., 1990) . The low sensitivity to picrotoxinin of the responses recorded in motoneurons cultured alone demonstrates that these cells express functional heteromeric receptors contain- Figure 7. Relationships during in vitro maturation of gephyrin, GlyR, and GABA A R with synaptic terminals on motoneurons cultured alone. Motoneurons double-stained for synapsin and gephyrin (A1-2, B1-2, C1-2), synapsin and GlyR␣/␤ (D1-2, E1-2, F1-2), and synapsin and GABA A R␤2/3 (G1-2, H1-2, I1-2) at 3, 7, and 11 DIV (lef t, middle, and right columns, respectively). A-C, At 3 DIV, Geph-IR clusters accumulate in front of most but not all synaptic boutons. Numerous Geph-IR clusters are also detected at nonsynaptic loci. At 7 and 11 DIV, the number of postsynaptic Geph-IR clusters increased, and the number of nonsynaptic Geph-IR clusters decreased. ing ␤ subunits (known to lower the picrotoxinin sensitivity of GlyR) Pistis et al., 1997) . The presence of the latter subunit in the hetero-oligomer would allow GlyR to interact with gephyrin (Meyer et al., 1995) when they colocalize. Thus, the difference between the localizations of these two proteins in motoneurons cultured alone do not result from the absence of the ␤ subunit. The nonsynaptic GlyR clusters detected on motoneurons cultured alone might result from an accumulation mediated by gephyrin, also detected at nonsynaptic loci (Fig. 8 A1) .
Gephyrin and postsynaptic accumulation of inhibitory amino acid receptors
Small clusters of gephyrin were detected in axons of motoneurons cultured alone. This axonal gephyrin, also observed in hippocampal cultured neurons (Craig et al., 1996) , could anchor proteins other than GlyR and GABA A R. In spinal neurons, GlyRs are associated with the subsynaptic cytoskeleton via gephyrin (Kirsch et al., 1993b; Kirsch and Betz, 1995) . It has recently been demonstrated that gephyrin is involved in the clustering of GABA A R ( Essrich et al., 1998) . Furthermore, it has been hypothesized that the interaction between gephyrin and GABA A R is most likely indirect (Essrich et al., 1998) because the GABA A R is stably attached to the subsynaptic microtubules by the GABA A Rassociated protein (Wang et al., 1999) . When motoneurons were cultured alone, gephyrin was detected at nonsynaptic sites but also at motoneuron-to-motoneuron postsynaptic sites, whereas GlyR␣/␤ and GABA A R␤2/3 subunits were mostly nonsynaptic. Therefore, on motoneurons cultured alone, postsynaptic gephyrin clusters likely to be associated with the neuronal nAChR are unable to accumulate GlyR and to a lesser extent GABA A R. In cocultures with DRG, postsynaptic gephyrin was associated with GABA A R facing GAD-IR boutons but not with GlyR. In cocultures with interneurons, postsynaptic gephyrin was found together with GlyR␣/␤ and GABA A R␤3 mosaics in front of glycine-and GABA-containing boutons. Strychnine treatment of spinal cultured neurons has shown that postsynaptic GlyR cluster formation depends on f unctional GlyR activity (K irsch and Betz, 1998; Lévi et al., 1998) . It has been suggested that during development GlyR could mediate a C a 2ϩ influx initiating gephyrin postsynaptic accumulation and trapping of randomly inserted membrane GlyR (K irsch and Betz, 1998) . A similar role of Ca 2ϩ could theoretically account for the accumulation of gephyrin at GABAergic (Reichling et al., 1994) or cholinergic (McGehee and Role, 1995) synapses in motoneurons cultured alone. The Ca 2ϩ hypothesis (Betz, 1998; K irsch and Betz, 1998 ) alone is therefore not likely to account for the specific accumulation of given types of receptors at different synapses showing gephyrin clusters.
At least five variants of gephyrin are differentially expressed in the CNS (Prior et al., 1992; Kawasaki et al., 1997) . Therefore, the IR detected on motoneurons could correspond to distinct gephyrin isoforms with specific interacting and /or aggregating properties for nAChR, GlyR, or GABA A R. The control of the expression and localization of gephyrin variants by the innervation may ensure the specificity of receptor accumulation (Betz, 1998) . Variability of gephyrin also results from post-translational modifications such as phosphorylation (Prior et al., 1992) . Independently of the postulated association of given forms of gephyrin with given receptors, the postsynaptic membrane has to be informed of the secretory phenotype of the presynaptic element to ensure the complementarity of the connected membranes. This could be achieved by interactions of gephyrin with transmembrane molecules other than neurotransmitter receptors. The scheme would then be comparable to that proposed for the recruitment of transmitter receptors or channels at ␤-neurexinneuroligin junctions via interactions with PSD95-PDZ domains (Irie et al., 1997; Missler and Südhof, 1998) .
